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~Received 3 November 1997; accepted 7 January 1998!
The uv photolysis of the Ar–HCl cluster is studied applying an exact time-dependent wave packet
method in three dimensions, assuming zero-total angular momentum. The photodissociation process
is found to occur via two different fragmentation mechanisms, depending on the initial excitation
energy of the cluster. One mechanism leads to total dissociation of the complex, producing three
fragments, Ar–HCl1hn!H1Ar1Cl. The fragmentation dynamics in this case is governed by
resonance states at relatively low energies of the cluster, in which the H atom collides a number of
times with Ar and Cl before dissociating. Manifestations of these collisions are found in the final
kinetic energy distribution of the photofragments, which is redshifted in the case of the H fragment,
and blueshifted in the Ar and Cl cases. The second type of mechanism consists of a fast and direct
photodissociation of the hydrogen, leading to a partial fragmentation of Ar–HCl into hot H
fragments and bound Ar–Cl radical molecules. This mechanism dominates at higher energies,
which are those mostly populated by the wave packet initially prepared in the present calculations.
The experimental implications of the results are discussed. © 1998 American Institute of Physics.
@S0021-9606~98!00714-4#I. INTRODUCTION
Photodissociation of diatomic molecules embedded in
condensed matter environments, like rare gas matrices1–14 or
liquids,15–23 has attracted much interest in the last years. Sol-
vation effects have been found to play a major role in the
reaction dynamics of these processes. One of the most im-
portant solvent-induced effects is the so-called cage effect,
which causes the fragmentation of the diatomic cromophore
to be sterically hindered by the solvent. Typical manifesta-
tions of the cage effect are a cooling of the initially hot
photofragments via collision-induced energy transfer to the
solvent, a delay in the separation of these fragments, and
even further recombination.
Solvent effects have been also investigated extensively
in clusters containing halogen diatomics24 or hydrogen
halides25,26 bound to rare gas atoms, and more recently,27 in
aggregates of the type (HBr)n . Upon photolysis of the di-
atomic impurity, a cage effect similar to that of condensed
phase is found in the cluster when the first solvation shell,25
or at most, the second one,26 is complete. Photodissociation
studies in clusters, which can be viewed as ‘‘microsolu-
tions,’’ provide valuable additional information to that ob-
tained from condensed-phase conditions. Increasing gradu-
ally the cluster size allows to monitor the appearance of the
solvent effects observed in condensed matter.25,26 It is pos-
sible in this way, to determine the minimum size of the mi-
crosolution necessary to reproduce the condensed-phase be-
havior, and hence to obtain information about the action
range of the solute–solvent interactions.
The study of the photofragmentation dynamics in the
transition region of small clusters, ranging from microsolu-
tions with only one solvent atom to clusters with one or two
complete solvation shells, is relatively recent. Several experi-5750021-9606/98/108(14)/5755/12/$15.00
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0ments on the photodissociation of the prototypical system
I2–Ar have shown the existence of a cage effect produced by
a single solvent atom.28–34 It has been called the one-atom
cage effect. The cage effect has been also investigated in a
number of works ~mainly theoretical simulations! on the
photodissociation of Rgn – HX clusters ~X5halogen,
Rg5Ar, Xe! with one,35–42 two,43 or more25,26 solvent at-
oms. In one of these studies,39 experimental evidence was
found of the cage effect in the photodissociation of Ar–HBr.
From a theoretical viewpoint, small clusters are well suited
systems to explore the phenomenon of the cage effect in
detail, because of the relatively few degrees of freedom in-
volved.
The aim of this article is to study the photodissociation
of HCl in the Ar–HCl cluster. Among the available potential
surfaces for Rg–HX clusters, those of Ar–HCl are the most
reliable ones, both for the ground and for the excited-
electronic state. This reason has motivated the study of Ar–
HCl in a series of previous calculations using classical,35
approximate quantum,36–38,40 and exact quantum41,42 meth-
ods. It was found in these works35–38 that the hydrogen pho-
tofragment is temporarily trapped in resonances between the
Ar and Cl atoms, colliding with them before dissociating.
This cage effect manifests itself in the final kinetic energy
distribution ~KED! of the H fragment, which shows a tail at
low energies,35 or even a structure of peaks reflecting the
existence of resonances in the excited state.36,37 In most of
the previous simulations ~which were carried out in Carte-
sian coordinates!, decoupling assumptions of the different
modes were applied to the initial state.35–38 In the approxi-
mate quantum calculations,36–38 additional assumptions were
made on the dimensionality of the problem in the dynamical
treatment, which was confined to a plane. As a result, the5 © 1998 American Institute of Physics
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mated to some extent.
A cage effect behavior similar to that of Ar–HCl, with
temporary trapping of the H motion in resonances, has been
found in two recent works, one on the photolysis of HCl
adsorbed on a MgO surface,44 and the other on the
CF3H1Ar!CF31H1Ar reaction.45 Reduced-dimension-
ality models were assumed in the two simulations, and the
authors discuss the possibility of a decrease in the intensity
of the effects found when the full dimensionality of the prob-
lem is considered. In the case of Ar–HCl photodissociation,
two exact, three-dimensional wave packet calculations have
been carried out.41,42 The two simulations agree that the frag-
mentation of the cluster is predominantly a direct photodis-
sociation process. A discrepancy remains, however, about
the amplitude of hydrogen wave packet trapped in reso-
nances, which is predicted to be significantly larger in Ref.
42. This disagreement could be due to the somewhat differ-
ent excited-state potential surfaces used in the two calcula-
tions.
The present work is the extention of the time-dependent
study of Ref. 42. In the calculations presented here a longer
time propagation has been carried out, in order to obtain
reasonably asymptotic kinetic energy distributions of the
photofragments. In addition, the possibility of different frag-
mentation channels of the cluster is investigated in this work.
More specifically, photodissociation of Ar–HCl may occur
through two possible mechanisms,
Ar–HCl1hn!H1Ar1Cl,
Ar–HCl1hn1H1Ar–Cl.
The channel of partial fragmentation, producing atomic hy-
drogen and Ar–Cl radical molecules has not been studied so
far. A high enough probability of Ar–Cl formation would
make possible the experimental detection of this species,
providing additional information on the photodissociation re-
action. Evidence of bound Ar–I products has been found
experimentally in the photodissociation of the Ar–HI
cluster.46 A third dissociation mechanism giving Ar–H1Cl
products is assumed to have a very small probability due to
the large amount of energy deposited initially in the hydro-
gen fragment. This channel has not been considered in the
present study.
The paper is organized as follows. In Sec. II the method
used to simulate the process is described. In Sec. III the
results are presented and discussed. Some concluding re-
marks are given in Sec. IV.
II. THEORY
Photolysis of HCl in the Ar–HCl cluster occurs upon
optical excitation of the HCl molecule from its ground elec-
tronic state 1S1 to the repulsive excited state 1P . It is as-
sumed in the calculations that only these two states are in-
volved in the process. The corresponding potential-energy
surfaces used in this work have been previously described in
Ref. 42. An ultrafast Franck–Condon transition between the
two electronic states is also assumed.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0A. Methodology
In the three-dimensional model applied in the present
work the system is represented in Jacobian coordinates
(r ,R ,u). The r coordinate corresponds with the HCl dis-
tance, R is the separation between the Ar atom and the HCl
center of mass, and u is the angle between the vectors asso-
ciated with the r and R coordinates. The total angular mo-
mentum of the cluster is assumed to be zero. For conve-
nience, the total wave function of the system is defined as
C~r ,R ,u!5F~r ,R ,u!/rR , ~1!
so that the Hamiltonian for the reduced wave function
F(r ,R ,u) for J50 is ~in atomic units!
Hˆ ~r ,R ,u!52
1
2mr
]2
]r2
2
1
2mR
]2
]R2
1S 12mrr2 1 12mRR2D j21V~r ,R ,u!; ~2!
being mr and mR the reduced masses corresponding to H–Cl
and Ar–HCl, respectively. The dynamical evolution of the
Ar–HCl cluster is governed by the time-dependent Schro¨-
dinger equation for the F(r ,R ,u) wave packet
i
]F~r ,R ,u ,t !
]t
5Hˆ F~r ,R ,u ,t !, ~3!
or equivalently,
F~r ,R ,u ,t1Dt !5e2iH
ˆ DtF~r ,R ,u ,t !. ~4!
The exact solution of this equation has been obtained by
propagating the wave packet with the Chebychev method, in
which the time-evolution operator e2iH
ˆ Dt is expressed as a
Chebychev polynomial expansion.47 A time propagation up
to 80 fs was performed with a time step Dt52 fs. The
Hamiltonian operations on the wave packet were carried out
using the Fourier method combined with grid tech-
niques,47–50 and the discrete variable representation ~DVR!
theory.51 The Fourier method was applied to the radial coor-
dinates r and R , which were represented on a grid where the
Hamiltonian operations can be calculated locally. In the grid
representation, the potential term operates on the wave
packet by simple multiplication point by point, and the ac-
tion of the kinetic-energy operator becomes local by using
fast Fourier transform ~FFT! techniques. A rectangular grid
of 4503270 equally spaced points was used to represent the
r and R coordinates, respectively, in the ranges 1.3 a.u.<r
<52.0 a.u. and 6.0 a.u.<R<14.5 a.u. Such a grid size en-
sures no reflection of the wave packet at the edges for the
time propagation carried out. Absorbing boundary conditions
which remove the asymptotic part of the wave packet are
typically applied in wave packet calculations, in order to
reduce large grid sizes like the one used in the r coordinate.
Unfortunately, however, the use of a smaller grid is not pos-
sible here, since the calculation of asymptotic kinetic energy
distributions of the fragments requires the whole wave
packet at long times. The angular coordinate u was described
by means of the DVR formulation. In this case a finite basis
representation ~FBR! is chosen such that the kinetic-energyject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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from the quadrature points associated with the FBR which
leads to a diagonal representation of the potential-energy
function. For the problem treated here, a Legendre polyno-
mial FBR ~with 130 polynomials!, and a grid of 130 points
corresponding to a Gauss–Legendre quadrature were used to
represent u in the range 0°<u<180°. The unitary Legendre
transform relates the two representations,52,53 allowing to
calculate locally the Hamiltonian operations involving the
angular coordinate.
B. Initial state
In the small, minimally solvated Ar–HCl cluster, the in-
tensity of the cage effect is expected to be strongly depen-
dent on the amplitude of the zero-point energy vibrations,
and particularly on that of the bending motion. It was found
in earlier works35 that initial orientations close to the collin-
ear configuration ~the equilibrium geometry! of the complex
cause strong trapping of the H atom, while orientations far
from collinearity lead to direct photodissociation events.
Therefore, the amplitude of the bending vibration in the
ground state largely determines the extent to what the light
atom is hindered by the heavy ones. This bears on the im-
portance of a proper characterization of the Ar–HCl initial
state. In this sense, a reasonably realistic ground-state poten-
tial surface ~not always available for this type of clusters! is
also desirable.
The initial state of Ar–HCl used in the calculations cor-
FIG. 1. ~a! Contour plots of the initial wave packet probability density and
the excited-state potential surface, as a function of the r and u coordinates.
The R distance was fixed at the equilibrium value in the ground-state po-
tential surface, R57.54 a.u. ~b! Contour plots of the initial probability den-
sity in the R and u coordinates. See the text for details.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0responds to the vibrational ground state of the system, in the
form
F~r ,R ,u ,t50 !5x~r !w~R ,u!, ~5!
where the r mode is separated diabatically, and the function
w(R ,u) is calculated variationally, preserving the coupling
between R and u. The decoupling of the HCl vibration is
justified in the ground-electronic state because of the large
mismatch between the frequency of this motion and those of
the van der Waals ~vdW! modes.
The calculated initial state is vertically promoted to the
excited-potential surface, where the photodissociation dy-
namics takes place. Contour plots of the initial wave packet
probability density
P~r ,u ,t50 !E dRuF~r ,R ,u ,t50 !u2 sin u ,
placed on the upper-potential surface after excitation are
shown in Fig. 1~a! vs r and u. The probability density
P(R ,u)5uw(R ,u)u2 sin u associated with the vdW modes is
also displayed in Fig. 1~b!.
III. RESULTS AND DISCUSSION
A. Wave packet dynamics
The Franck–Condon transition prepares the initial wave
packet on a strongly repulsive region of the H–Cl potential
in the upper surface @see Fig. 1~a!#. This causes the hydrogen
to be pushed away from the chlorine atom, and to dissociate
from the cluster. Figure 2 displays snapshots of the wave
packet probability density P(r ,u ,t) at six time instants. In
FIG. 2. Snapshots of the wave packet probability density vs the H–Cl dis-
tance and the bending angle for different times, t50 ~a!, t510 fs ~b!, t
520 fs ~c!, t540 fs ~d!, t560 fs ~e!, and t580 fs ~f!.ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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state, the following should be noted. Due to the mass differ-
ence between the H and the Cl atoms, the HCl center of mass
nearly coincides with the Cl atom position. As a conse-
quence, the r mode is associated mainly with the fast hydro-
gen atom motion, and the R mode describes essentially the
slower Ar–Cl stretching vibration. In this sense, the wave
packet evolution shown in Fig. 2 reflects the hydrogen frag-
ment dynamics.
At very short times the wave packet just rolls down the
H–Cl potential slope. About t510 fs @Fig. 2~b!# the hydro-
gen reaches the repulsive barrier of the Ar atom. As a result
of this collision the hydrogen wave packet breaks into three
pieces @Fig. 2~c!#. One can realize from Fig. 1~a! that for
relatively small angles ~up to about u530°! the wave packet
is actually blocked by the Ar atom, while for larger angles
the Ar blockage rapidly vanishes. When the hydrogen col-
lides with the Ar atom the wave packet components rear-
range, and the unblocked part breaks, giving rise to the larg-
est piece of Fig. 2~c!, that spreading over u.30°. This piece
is only slightly perturbed by the Ar atom, and corresponds to
the direct scattering components of the wave packet. The
harder collision of the blocked part of the H wave packet
with Ar produces stronger interference effects, leading to
bifurcation into two additional pieces. One of these pieces,
peaked near u530° in Fig. 2~c!, overpasses the Ar atom
position and contributes to the direct scattering amplitude.
Note that this piece is slightly delayed with respect to the
largest one, probably due to some energy exchange between
the r and R modes in the collision. A third and most inter-
esting piece of wave packet amplitude cannot surmount the
blockage of the Ar and remains trapped in between the two
heavy atoms. The origin of this trapped amplitude would be
the small angle and low energy components of the initial
wave packet, populating resonance states of hydrogen mov-
ing in between Ar and Cl. In contrast, the other two pieces of
direct scattering amplitude would originate from components
associated with unblocked orientations and higher energies,
which initially populate continuum states, or at most, very
short-lived resonances. The important finding is that the
amount of wave packet amplitude trapped in resonances is
significant in the case of a cluster like Ar–HCl, involving a
single solvent atom.
For times longer that t520 fs @Figs. 2~d!–~f!#, the wave
packet essentially travels towards the asymptotic region of
the potential and spreads out. Some interference occurs be-
tween the direct scattering components, which develop a
structure of small peaks along the u coordinate. A more com-
plicated pattern of interference is developed by the resonant
components as a result of collisions of the hydrogen with the
heavy atoms. By means of such collisions the H atom
reaches angles large enough to be able to surmount the Ar
barrier and leave the interaction region. This is reflected in
Figs. 2~d!–~f! by a decrease of the amplitude initially trapped
as times evolves. At the end of the propagation, correspond-
ing to t580 fs @Fig. 2~f!#, only a marginal portion of the
wave packet still remains in the resonance region.
Analysis of the wave packet evolution in terms of each
isolated mode provides an additional and more detailed pic-rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0ture of the dynamics. The probability density distributions in
the r , R , and u modes,
P~r ,t !5E dRE
0
p
uF~r ,R ,u ,t !u2 sin u du , ~6!
P~R ,t !5E drE
0
p
uF~r ,R ,u ,t !u2 sin u du , ~7!
and
P~u ,t !5E dRE druF~r ,R ,u ,t !u2 sin u du , ~8!
are plotted in Figs. 3–5 for different times. In Fig. 3 the
initial distribution P(r ,t50) has been cut in order to adapt
the scale of the figure to the distributions at longer times.
The r distribution at t520 fs shows two distinct peaks. The
first peak, extending up to r.6 a.u., is associated with the
resonant components, and the second, bigger one corre-
sponds to the direct scattering amplitude. This distribution
gives an idea of the magnitude of the wave packet amplitude
trapped in resonances ~about 10% of the total amplitude is
FIG. 3. Probability density of the wave packet vs the H–Cl separation @see
Eq. ~6!# for different times. Time units are fs.
FIG. 4. Same as Fig. 3 but for the R mode @see Eq. ~7!#.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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marginal effect. The distributions at longer times in Fig. 3
show the spreading of the wave packet leaving the interac-
tion region. The direct scattering components travel very
fast, while the resonance amplitude decreases rather slowly.
The evolution of the wave packet in the R mode is dis-
played in Fig. 4. Several interesting features are observed,
the most obvious one being the wave packet amplitude de-
veloped at large R distances along the time propagation. This
amplitude reflects the breaking of the Ar–Cl bond as a con-
sequence of the hydrogen collisions with the Ar and Cl at-
oms. Note that the distribution at t540 fs presents a big peak
and a smaller ‘‘hump,’’ as in the case of the P(r ,t520 fs)
distribution of Fig. 3. The intensity ratio between the big and
the small hump is roughly the same in both distributions, so
the smaller hump of P(R ,t540 fs) corresponds to the wave
packet resonant components in the R mode. The fact that the
resonance amplitude takes longer to manifest in the R coor-
dinate than in the r one is explained because of the much
slower motion of the heavier Ar and Cl atoms, as compared
with the H fragment. The evolution of the wave packet in the
R mode can be described as a continuous transfer of prob-
ability amplitude from the Franck–Condon region to larger
distances, as long as hydrogen amplitude remains trapped
inside the Ar–Cl cage. At t580 fs, the probability amplitude
outside the Franck–Condon region (R.9 a.u.) displays a
very diffuse structure of small and broad humps, around R
59.9, 11, 12, and 13.5 a.u. Such a structure is interpreted as
FIG. 5. Same as Fig. 3 but for the u mode @see Eq. ~8!#.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0a reflection of the different collisions occurred before the
hydrogen wave packet leaves the trapping region. The farther
is the hump from the Franck–Condon region, the earlier took
place the collision ~or collisions! in which it was produced.
Despite the appreciable amount of wave packet intensity
dissociated in the R mode at t580 fs, most of the amplitude
still remains in the region where the packet was born. In
principle, such an amplitude is stable and will not move from
the Franck–Condon region, since at this time practically all
the hydrogen wave packet has left the interaction region.
This result is consistent with the H wave packet dynamics
shown in Fig. 2, where most of the probability amplitude
dissociates directly, interacting very weakly ~or nothing!
with the Ar atom. The Franck–Condon amplitude of the
P(R ,t) distributions is, therefore, the counterpart in the R
mode of the direct scattering components of the wave packet
in the r coordinate. The important implication is that this
probability amplitude might be associated with a high yield
of Ar–Cl radical molecules as products of the photodissocia-
tion. In order to establish reliably the probability of forma-
tion of Ar–Cl molecules, projection techniques of the whole
wave packet onto the Ar–Cl bound states need to be applied.
This is done below in this section. However, some informa-
tion about the possible Ar–Cl products can be obtained from
Fig. 3, already at this stage. Notice that the maximum of the
P(R ,t) distributions for t>20 fs is shifted to a slightly larger
R distance than the equilibrium one (t50). It means that
some excitation occurs in the R mode ~and therefore in the
Ar–Cl stretching vibration!, as a consequence of the first
hydrogen collision.
The time evolution of the wave packet in the u mode is
shown in Fig. 5. The most remarkable feature of the u dis-
tributions is the breaking of the initial packet into two main
peaks ~centered around u520° and u550°!, associated with
the two direct scattering pieces discussed in Fig. 2. A struc-
ture of smaller spikes is also observed in the P(u ,t) distri-
butions, being more pronounced at t580 fs. This structure is
the result of interference occurred in the bending mode be-
cause of the collisions between the light and the heavy at-
oms. In this sense, it is particularly noticeable the probability
density accumulated in the range u.150° at t580 fs. The
initial probability density P(u ,t50) at those angles is very
small, which makes unlikely that all the final amplitude is
produced by direct scattering. Instead, such an amplitude is
attributed mostly to hydrogen atoms which, after suffering
one or more collisions, are scattered backwards. The struc-
ture of peaks indicating strong interference between the
packet components scattered at u.150° seems to support
this argument. Note, by contrast, that the ~direct scattering!
components of the wave packet in the range 90°,u,150°
do not develop any structure along time, and keep roughly
the same intensity as at t50.
B. Kinetic energy distributions
The photodissociation dynamics has been analized above
in terms of the wave packet behavior. In the following we
shall discuss the dynamical manifestations in observable
magnitudes. A central quantity in earlier studies35–38~a!,40,41
on this process was the kinetic energy distribution ~KED! ofject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
8 Aug 2014 08:44:46
5760 J. Chem. Phys., Vol. 108, No. 14, 8 April 1998 A. Garcı´a-Vela
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Fig. 6~a! the momentum distribution associated with the r
mode
P~kr ,t !}E
0
p
du sin uE dRU E dr e ikrrF~r ,R ,u ,t !U2,
~9!
is shown at four time instants. The final distribution (t
580 fs) is also displayed in Fig. 6~b! vs the kinetic energy in
the r mode, Ekr5\
2kr
2/(2mr). Note that while the P(kr ,t)
distributions of Eq. ~9! are normalized in the momentum
domain ~within a constant factor!, the distribution P(Ekr) is
not normalized in the energy domain. In order to normalize
P(Ekr) it should be multiplied by a nonconstant factor
mr /(\2kr). The effect of this factor is to change slightly the
intensity of P(Ekr), which increases at low energies and de-
creases at high energies. Since at t580 fs there is still a
small amount of intensity around kr50, we have chosen to
present in Fig. 6~b! the unnormalized form of P(Ekr), not
including the mr /(\2kr) factor. The actual relative intensi-
ties are displayed in the momentum distribution.
FIG. 6. ~a! Momentum distribution associated with the r mode @see Eq. ~9!#
for different times. Time units are fs. ~b! Final kinetic energy distribution
(t580 fs) of the r mode. Only the amplitude corresponding to kinetic en-
ergies Ekr5\
2kr2/(2mr) with kr>0, is plotted. See the text for details.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0The kinetic energy scale is more convenient than the
momentum one in order to analyze the energy transfer from
the H–Cl vibration to the vdW modes. It should be pointed
out that, strictly speaking, the KED of Fig. 6~b! corresponds
to the r mode, which involves both the H and the Cl atoms.
However, due to the small H/Cl mass ratio, one can view
such a distribution as mainly associated with the hydrogen
fragment. The experimental magnitude related to this distri-
bution would be the time-of-flight spectrum of the final H
photofragment.
The time evolution of the P(kr) distribution @Fig. 6~a!#
reveals an interesting result. At t50 ~not shown in the fig-
ure! the distribution peaks at kr50, and is simetrical with
respect to this value. This is the typical situation for an initial
wave packet prepared by Franck–Condon excitation of a
bound state of the ground-potential surface. After 20 fs most
of the wave packet has reached the asymptotic region of the
kr momentum space, and now the peak of the distribution
shifts to kr.20 a.u. This big peak is mainly associated with
the direct scattering components of the wave packet. How-
ever, a tail of amplitude spreading over lower positive and
negative kr values means that a significant portion of the
wave packet still remains in the interaction region. For times
t.20 fs such an amplitude moves gradually to the
asymptotic region, part of it increasing the intensity of the
direct scattering peak. This evolution is consistent with that
of the distribution of Fig. 3. The important finding is that, as
time passes, the tail of the distribution is only partially ab-
sorbed by the direct scattering peak. At the end of the propa-
gation, when most of the wave packet is outside the interac-
tion region ~see Figs. 2 and 3!, the distribution still displays
a remarkable tail at low kr values. The fact that the intensity
of the direct scattering peak increases very little from t
540 fs to t580 fs indicates that the tail is nearly asymptotic
at t580 fs, at least in the region 3 a.u.<kr<15 a.u.. Note in
particular that from t560 fs to t580 fs, while the direct
scattering peak practically does not change, the intensity of
the tail increases slightly in the aforementioned range of mo-
menta. The tail of the P(kr) distribution is interpreted as the
signature of the collisions of the hydrogen atom with the
heavy ones, associated with resonance states. By means of
these collisions the H–Cl mode transfers part of its initial
excess energy, cooling down and populating states of low kr
momentum.
As said before, for times t.40 fs the flux of amplitude
from the interaction region goes mainly to increase the tail at
low positive momenta, instead of the direct scattering peak.
This peak contains the fast direct scattering components, and
probably also some short-lived resonant components of the
wave packet, which explains that after 40–50 fs its intensity
is almost completely built up. In this sense, we stress that the
small portion of distribution corresponding to wave packet
remaining in the interaction region at t580 fs, is expected to
contribute to the intensity of the tail, when it reaches its
asymptotic state at longer times.
The KED shown in Fig. 6~b! is the counterpart in the
kinetic energy domain of the momentum distribution at t
580 fs. The distribution has a maximum at 3.2 eV, and
spreads over a wide range of energies, which are accessed byject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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The tail at low energies reflects the significant initial popu-
lation of resonance states of the cluster in the upper surface.
The shape of the tail is rather smooth and does not show a
pronounced structure which can be clearly assigned to reso-
nance energy positions. Taking into account the time scale of
the process (,200 fs), the resonances are expected to be
broad. Therefore, at the level of resonance population shown
by the tail of the KED, it is likely that interference between
the resonances washes out most of the details of the struc-
ture. Interestingly enough, however, in the tail of Fig. 6~a!
one can appreciate a very diffuse structure of broad humps.
The humps also occur in the corresponding momentum dis-
tribution, but the presence of the other three distributions
makes difficult to distinguish them in Fig. 6~a!. This struc-
ture can change somewhat with the addition of the small
intensity still remaining in the interaction region. The humps
might be associated with groups of resonances close in en-
ergy, which interfere between themselves. We shall return to
this point when discussing next figure.
The final momentum and kinetic energy distributions of
the R mode are plotted in panels ~a! and ~b! of Fig. 7, re-
FIG. 7. Final momentum distribution ~a! and kinetic energy distribution ~b!
associated with the R mode. As in Fig. 6~b!, only the amplitude correspond-
ing to kinetic energies EkR5\
2kR2 /(2mR) with kR>0, is plotted. See the text
for details.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0spectively. As pointed out before, the R mode is essentially
associated with the Ar–Cl vibration. These distributions are
calculated similarly as the P(kr) and P(Ekr) distributions.
Accordingly, the comment on the normalization of the r
mode distributions made in the discussion of Fig. 6 also ap-
plies to the present distributions. In Fig. 7~b! the unnormal-
ized form of P(EkR) is shown. The only difference is that in
this case the main peak of intensity around kR50 ~or Ekr
50! is already asymptotic, as discussed above for the
P(R ,t) distributions of Fig. 4 ~i.e., the equivalent distribu-
tions to those of Fig. 7, but in the R coordinate space!.
The same pattern as in P(kr) and P(Ekr) is reproduced
in the distributions of Fig. 7: A direct scattering peak con-
taining most of the intensity, and a long tail. However, the
positions of the main peak ~at very low kR or EkR values! and
the tail ~extending over the high momentum and kinetic en-
ergy range!, are inverted with respect to the distributions of
Fig. 6. The result is not surprising. The main peak in this
case reflects a distribution of low-energy states, in fact bound
states of the Ar–Cl mode. As will be seen below, this peak is
the signature of bound Ar–Cl radical molecules produced in
the photodissociation of the cluster. Such molecules are
originated in the direct scattering dissociation of the hydro-
gen wave packet. In these events the H fragments transfer
little energy to the Ar–Cl bond, which is vibrationally ex-
cited but not broken. Therefore, the direct scattering peak of
either the distributions of Fig. 6 or those of Fig. 7 gives an
estimate of the dissociation probability through the channel
of partial fragmentation, that producing H1Ar–Cl.
By contrast, the tail of the P(kR) and P(EkR) distribu-
tions is associated with the breaking of the Ar–Cl bond,
caused by collisions of the hydrogen fragments moving in
resonance states. Correspondingly, this tail ~as well as the
tail of the distributions of Fig. 6! gives the probability of
dissociation through the total fragmentation channel
Ar–HCl1hn!H1Ar1Cl. The large spreading of the
P(EkR) tail up to energies as high as 3.5 eV is consistent
with the tail of P(Ekr) reaching kinetic energies close to
zero. The implication is an effective cooling of the hydrogen
fragments moving in resonances ~probably due to several
collisions!, despite the different mass ratio with the heavy
atoms.
The most interesting feature of the tail of the P(kR) and
P(EkR) distributions is the structure of broad humps. Up to
six humps are identified in the tail of each distribution, in a
one-to-one correspondence. Such humps are related with
those discussed for the P(R) distribution of Fig. 4, and with
the ~more diffuse! humps present in the tail of P(Ekr). In
fact, roughly the same number of humps is found in the tails
of P(Ekr) and P(EkR), which indicates that they are corre-
lated. The humps arising at decreasing energies in P(Ekr) are
correlated with those humps at increasing energies in
P(EkR). We stress, however, that the humps of P(Ekr) re-
flect energy positions of resonances or groups of resonances,
while the humps of P(EkR) are associated with energy trans-
fer to the R mode, more related to the energy spacing be-
tween resonances. It is likely that there exist resonances atject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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are observed in P(Ekr), because they are masked by the
intensity of the direct scattering peak. These hidden humps
are probably the responsible of the still increasing intensity
of the main peak of P(kr) for times t.20 fs.
It is found in the tails of P(Ekr) and P(EkR) that both
the width of the humps and the spacing between their
maxima increase with energy. This behavior is related to the
resonance structure of the cluster in the upper state. In a
previous work,37 the energy positions of the resonances were
calculated for the one-dimensional potential felt by the hy-
drogen when moving in between the Ar and Cl atoms. The
result was that the separation between the calculated energy
levels increases with energy, which implies an ‘‘antianhar-
monic’’ character of this potential. Estimated spacings be-
tween the low-lying energy levels were about 2000 cm21.
Such resonance structure is reflected in the humps of the
P(Ekr) and P(EkR) distributions. Each of the humps at the
lowest energies in P(Ekr) is probably associated with one, or
at most two lower-lying, longer-lived resonances. Such reso-
nances are relatively narrower and closer in energy, which is
reflected in the corresponding humps. As the energy in-
creases in P(Ekr), the humps become associated with
shorter-lived, broader resonances, more separated in energy.
In the case of P(EkR) we have the inverse situation. The
lowest-energy humps correspond with high-energy, short-
lived resonances in which very few collisions occur between
the hydrogen and the heavy atoms. Little energy is trans-
ferred to the Ar and Cl fragments, producing narrow humps
with nearby maxima. When the energy transferred to the R
mode increases, the corresponding humps become the signa-
ture of longer-lived resonances involving more and more
collisions. An increasing number of collisions causes these
humps to spread and separate in energy.
The implication of the preceeding discussion is that the
tails of the kinetic energy distributions of the photofragments
provide at least qualitative information on the resonance
spectrum of the Ar–HCl cluster. It should be emphasized
that the tails of the distributions of Figs. 6 and 7 arise be-
cause of the presence of the Ar atom, which induces the
appearance of excited-state resonances involving hydrogen
collisions. Photodissociation of an isolated H–Cl molecule
would produce a plain direct scattering peak, with no tail, in
the P(kR) and P(EkR) distributions. Therefore, the ampli-
tude of the distribution tails gives an idea of the effect of a
single solvent atom on the photodissociation process.
So far, it has been analyzed how the excess energy ini-
tially deposited in the excited cluster distributes among the r
and R modes during the dynamics. In order to complete this
analysis a few comments should be made now on the angular
momentum distribution associated with the bending mode.
Figure 8 shows such a distribution at t50 ~dashed line! and
at t580 fs ~solid line! vs the rotational quantum number j .
The initial distribution is rather cold, in marked contrast with
the final one where very high j states are populated. The
main peak of the final distribution occurs at j50, and it is
again associated with the direct scattering peak about u
550° in the P(u ,t580 fs) distribution of Fig. 5~b!. Theserticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0wave packet components dissociate directly, without chang-
ing their initial angle and angular momentum. Actually, they
do not feel the presence of the Ar atom. A secondary peak at
j53 probably corresponds with the smaller peak at u'20°
in P(u ,t580 fs), and reflects some interaction between the
associated H wave packet components and the solvent atom
before dissociation. The long tail of the distribution spread-
ing over high j values is the signature of the hydrogen reso-
nances. The hydrogen amplitude initially trapped in between
Ar and Cl is located in low-angle, low-angular momentum
resonance states. In order to surmount the blockage, the H
fragment have to reach higher angles. Such a situation is
achieved through collisions with the heavy atoms, which
have also the effect of populating very high angular momen-
tum states, as shown by the tail of P( j).
At this point one can draw a quick picture of the disso-
ciation dynamics of the hydrogen amplitude initially trapped
in resonances, in terms of energy redistribution. Part of the
initial excess energy of the H–Cl mode is transferred to the
R mode via collisions, breaking the Ar–Cl bond, and there-
fore opening the cage formed by the heavy atoms. Simulta-
neously, an additional amount of H–Cl excess energy is
spent in exciting the bending mode in order to reach more
open angles than the initial ones. Then, the hydrogen frag-
ments cooled down by the collisions leave finally the cluster.
One of the most typical magnitudes measured experi-
mentally in a photodissociation process is the total absorp-
tion cross section, or absorption spectrum. In a time-
dependent treatment as the one applied here, such a quantity
can be calculated as the Fourier transform of the wave packet
autocorrelation function, a(t)5^F(r ,R ,u ,0)uF(r ,R ,u ,t)&,
s~E !}E
2`
`
dt e iEta~ t !. ~10!
The calculated absorption spectrum is shown in Fig. 9. Nei-
ther a structure nor a tail at low energies is found in the
spectrum as a signature of the resonances discussed above. In
principle, the dynamical information stored in the time-
dependent wave packet is also contained in the absorption
spectrum. The problem is to extract that information from
FIG. 8. Initial ~dashed line! and final ~solid line! angular momentum distri-
bution vs the rotational quantum number j .ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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nated by the background intensity of the direct scattering
components of the wave packet, which mask the less intense
details associated with the resonances. In other words, this
spectrum essentially reflects the main fragmentation channel,
that of direct photodissociation of the hydrogen. However,
looking at the KED’s of the photofragments one can obtain
the resonance information. The photofragment KED’s seem
to reveal specific and more detailed information about the
fragments involved, being therefore an effective way to ana-
lyze the mixed ~or, as in this case, the apparently absent!
information contained in the absorption spectrum. In a way,
the KED’s play the role of partial cross sections associated to
the different modes of the system, or equivalently, to the
different final fragments.
C. Formation of Ar–Cl molecules
In the results previously presented it was found evidence
of formation of Ar–Cl radical molecules, as products of the
cluster dissociation through a partial fragmentation channel.
The probability of dissociation via this channel is associated
with the direct scattering peak of the distributions already
discussed. In order to establish more quantitatively the prob-
ability of Ar–Cl products, the final wave packet was pro-
jected onto the vibrorotational bound states (v , j) of the di-
atomic molecule. Such states were represented as
wv , j(R,u)5xv( j)(R)P j(u), where P j(u) is a Legendre poly-
nomial, and xv
( j)(R) is a vibrational eigenstate of the Ar–Cl
mode for a given j state, obtained as a solution of the Schro¨-
dinger equation ~in atomic units!
F2 12mAr–Cl ]
2
]R2
1
j~ j11 !
2mAr–ClR2
1VAr–Cl~R!Gxv~ j !~R!
5Ev
~ j !xv
~ j !~R!, ~11!
by numerical integration. It should be pointed out here that
the R coordinate representing the Ar–Cl vibration does not
coincide with the Jacobian R coordinate of the Ar–HCl wave
packet. The difference arise from the fact that Ris referred to
the H–Cl center of mass, not to the Cl atom. Because of the
FIG. 9. Absorption spectrum of the Ar–HCl cluster vs energy. The limit
E50 corresponds to three separated atoms. See the text for details.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0H/Cl mass ratio, such a difference is very small, and in the
projection it is assumed that R[R . In addition, the above
approximation makes sense in the projection region, since
the wave packet is projected onto vibrational bound states
involving R distances not far from the equilibrium value.
Although the effect of this approximation is expected to be
small, in order to avoid it a different set of Jacobian coordi-
nates should be used, where the real Ar–Cl distance was
represented by one of the coordinates. Calculations on this
line are currently being performed.
The solution of Eq. ~11! gives six vibrational bound
states of Ar–Cl for j50. For j.0 also six vibrational states
are obtained, but the effect of the centrifugal barrier j( j
11)/(2mAr–ClR2), is to shift their energies Ev( j) to higher
values as j increases. Therefore, by increasing j some of the
vibrational states ~the higher ones! begin to appear at ener-
gies above the dissociation limit of the Ar–Cl potential. In
fact, for j.38 all the vibrational states are above this limit.
A question arises about which of these states can be consid-
ered real bound states, and which ones may dissociate by
tunneling through the centrifugal barrier. It is likely that
those states at energies above but near the dissociation limit,
where the barrier is very broad, still can be regarded as
bound ones. However, a conservative criterion has been
adopted, and the projection has been performed onto the
bound states remaining below the dissociation limit for each
j value. Therefore, the calculated probability of Ar–Cl for-
mation is a lower limit.
The asymptotic states of the partial fragmentation chan-
nel Ar–HCl1hn!H1Ar–Cl(v , j) are represented by the
wave functions e ikrrwv , j(R ,u). Hence, projection of the final
Ar–HCl wave packet onto these states, and further summa-
tion over all the (v , j) states, gives the probability of finding
Ar–Cl products as a function of the kr momentum,
PAr–Cl~kr!}(
v
(j E0
p
du sin uE dRE dr
3F*~r ,R ,u ,t5`!e ikrrwv , j~R ,u!. ~12!
By converting the momentum to kinetic energy, the
PAr–Cl(Ekr) distribution is obtained, which is plotted in Fig.
10~a! ~solid line!. Note that the final kinetic energy of the r
mode is related to the initial total energy of Ar–HCl. More
specifically, as the final Ekr increases, it becomes closer and
closer to the initial energy of the cluster. Therefore,
PAr–Cl(Ekr) gives also an idea of the dependence of the
Ar–Cl probability on the initially excited energy of the clus-
ter. In Fig. 10~a! the P(Ekr) distribution of Fig. 6~b! is also
displayed for comparison. This latter distribution contains
the probability of hydrogen dissociation through both the
total and the partial fragmentation channels, which are as-
sumed to be the only possible dissociation channels in this
work. Accordingly, such a probability is referred to as the
total one in Fig. 10. Therefore, the quantity
PAr–Cl(Ekr)/P total(Ekr), shown in Fig. 10~b!, reflects the per-
centage of the partial fragmentation channel in the photodis-
sociation process. Likewise, P total(Ekr)2PAr–Cl(Ekr) and 1
2PAr–Cl(Ekr)/P total(Ekr) would give the probability and per-ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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channel. This is, of course, subjected to the approximation
that R[R , and to the fact that the calculated PAr–Cl(Ekr) is
a lower limit, as discussed above. We stress that the most
likely situation is that PAr–Cl(Ekr) accounts for nearly all the
intensity of P total(Ekr) for energies Ekr>2 eV. This is the
expected result if a less restrictive criterion on the bound
states of Ar–Cl was applied in the projection of the wave
packet.
The main finding of Fig. 10 is the practically negligible
probability of Ar–Cl formation in the energy range Ekr
<1.5 eV, whereas this probability rapidly increases at higher
energies. The similar shapes of PAr–Cl(Ekr) and s(E) ~see
Fig. 9! is an indirect confirmation that the signature of the
partial fragmentation channel is the dominant one in the ab-
sorption spectrum. In Fig. 10~b! one can distinguish three
different regimes for the behavior of PAr–Cl(Ekr) as a func-
tion of Ekr. Up to Ekr.1.5 eV PAr–Cl(Ekr) is negligibly
small. In the range 1.5 eV<Ekr<2.9 eV there is a very fast
increase of the Ar–Cl probability, reaching about 60% of the
total probability. For higher energies, the partial dissociation
probability increases more slowly, up to accounting for 80%
FIG. 10. ~a! Probability of formation of Ar–Cl products ~solid line!, and
total probability of hydrogen dissociation ~dashed line! vs the final kinetic
energy of the H–Cl mode. The P total(Ekr) distribution is the same as the
kinetic energy distribution of Fig. 6~b!. ~b! Ratio of the Ar–Cl product
channel in the photodissociation process as a function of Ekr. The magni-
tudes presented in this figure are calculated at t580 fs. PAr–Cl(Ekr) has been
calculated as a lower limit. See the text for details.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
161.111.22.69 On: Fri, 0of the total process. The oscillation of PAr–Cl(Ekr)/P total(Ekr)
near 6 eV is likely to be an artifact due to the small values of
PAr–Cl(Ekr) and P total(Ekr) at those very high energies. The
above behavior is interpreted as follows. The photodissocia-
tion in the first regime ~up to 1.5–2 eV! is dominated by
wave packet resonances, in which the hydrogen collides with
the heavy atoms and breaks the Ar–Cl bond. Practically no
Ar–Cl molecules are produced, and the dissociation occurs
predominantly via the total fragmentation channel. In the in-
termediate energy range of fast growing of PAr–Cl(Ekr), the
photodissociation dynamics is governed by high-energy,
short-lived resonances coexisting with direct scattering, con-
tinuum states of the hydrogen fragment. This is a transition
regime to the region of very high energies, where most of the
hydrogen population is in continuum states which dissociate
by direct scattering. At these high energies the partial frag-
mentation channel dominates the Ar–HCl photodissociation.
The result of Fig. 10 has two important implications. On
the one hand, the rate of Ar–Cl production is very high ~up
to 80% as a lower limit! in a wide range of energies. Experi-
mental detection of these products should be possible when
the cluster is excited to high energies. On the other hand, the
Ar–HCl photodissociation reaction appears to be very sensi-
tive to the energy at which it takes place. Two different
dissociation channels, leading to different product fragments,
can be accessed and monitored by changing the energy at
which the cluster is initially excited. This could be achieved,
in principle, by carrying out CW experiments on the Ar–HCl
photodissociation at different excitation wavelengths.
IV. CONCLUDING REMARKS
The uv photodissociation dynamics of Ar–HCl has been
simulated with an exact time-dependent wave packet treat-
ment in three dimensions, assuming J50. The wave packet
evolution shows two possible channels of cluster fragmenta-
tion. On the one hand, most of the hydrogen amplitude
leaves the cluster rapidly, via direct photodissociation. On
the other hand, a significant portion of the hydrogen wave
packet remains trapped in between the Ar and Cl atoms, and
takes a longer time to dissociate.
The delayed dissociation is attributed to hydrogen atoms
moving in resonance states between the heavy atoms. The
light fragments collide several times with Ar and Cl before
dissociating. In the course of the collisions, the H–Cl mode
transfers part of its initial excess energy to the weak Ar–Cl
bond, which breaks apart. The result is the total dissociation
of the cluster, producing cold H fragments and hot Ar and Cl
fragments. Manifestation of this energy transfer appears in
the final kinetic energy distributions of the H–Cl and Ar–Cl
modes, which show an appreciable tail of amplitude at low
and high energies, respectively. A diffuse structure of broad
humps is found in the distribution tails, which is associated
with interference between the hydrogen resonance states.
This structure provides qualitative information about the
resonance spectrum of the cluster in the excited state. Inter-
estingly, the calculated absorption spectrum of Ar–HCl is
found to be featureless, and does not reveal any resonance
information. The reason is that the spectrum reflects mainlyject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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masks the structure associated with the resonances. There-
fore, the photofragment kinetic energy distributions appear
to be valuable tools to obtain information on the resonances,
when they are not intense enough to show up in the absorp-
tion spectrum, as in the present case.
In addition to the total dissociation mechanism, the Ar–
HCl cluster also breaks via a partial fragmentation channel,
which produces hot hydrogen fragments and bound Ar–Cl
radical molecules. This channel is the dominant one in the
photodissociation process. The fragmentation of the cluster
in this case is associated with hydrogen atoms initially popu-
lating high-energy continuum states, outside the blockage of
Ar and Cl, which dissociate by direct scattering. The light
fragment dissociation occurs practically without interaction
with the heavy atoms, and hence, very little energy is trans-
ferred to the Ar–Cl bond. As a result, bound Ar–Cl mol-
ecules, vibrationally and rotationally excited to some extent,
are produced. The probability of this channel ~and therefore
of Ar–Cl formation! is found to be very small at low initial
excitation energies of the cluster, but rapidly increases with
increasing energy, reaching up to 80% for high energies.
Experimental investigation of these findings should prove
very interesting.
The fact that the photodissociation occurs through one
fragmentation channel or the other, is strongly dependent on
the energy at which the cluster is initially excited. At low
energies, the channel of total fragmentation, governed by a
resonance dynamics, dominates, while at higher energies the
direct photodissociation channel becomes the major one.
This is related to the spectrum of states supported by the
excited-potential surface, and initially populated by the wave
packet prepared upstairs. The longer-lived hydrogen reso-
nances appear at relatively low energies and low angles ~near
the collinear equilibrium geometry of the cluster!. At still
low angles but higher energies, the upper potential supports
short-lived resonances. Finally, in the region of high energies
and far from collinear orientations, the spectrum is domi-
nated by continuum states leading to direct scattering of the
hydrogen. Therefore, the preparation of the initial state,
mainly in terms of excitation energy and relative orientation
of the diatomic cromophore, plays a major role in order to
control the photodissociation mechanism in this type of clus-
ters. Further extension of the present study to other systems
similar to Ar–HCl would be very helpful.
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